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Abstract: The use of location-specific and underutilized organic residues (OR) as soil amendments
in small-holder agro-ecosystems is promising. Six ORs (Leucaena leucocephala, Centrosema pubescens,
Gliricidia sepium, Pueraria phaseoloides, Azadirachta indica, and Theobroma cacao) were amended to three
tropical soils each at 24 mg g−1 dry soil in 120-day incubation study to estimate their nitrogen (N)
mineralization and microbial biomass carbon (C) dynamics. Inorganic N contents varied among
ORs, soil type and incubation days. Regardless of soil type, Gliricidia had the highest inorganic N
among the studied ORs. Mineralization rate of 1.4 to 1.5 mg N kg−1 soil day−1 was observed for
Lego and Tec soils, respectively, and was twice higher than Nya soil. However, Nya soil released
higher inorganic N than Tec and Lego soils, implying high N mineralization efficiency in the former.
Consistent soil pH increase was respectively observed for Theobroma and Pueraria treatments in all
soils. Moreover, Theobroma and Pueraria amendments showed the highest soil microbial biomass
C (MBC) at the end of the incubation. The assessed soil properties likely affected by the dominant
edaphic factors and management influenced differences in MBC and dissolved organic carbon (DOC)
while OR quality indices controlled N mineralization. Thus, we conclude that soil properties and OR
type are important factors for optimal utilization of organic resources.
Keywords: organic residues; microbial biomass; organic carbon; nitrogen mineralization;
agro-ecological zone
1. Introduction
A significant proportion of agricultural soils in Sub-Saharan Africa (SSA) including Ghana are
depleted of essential nutrients for optimum crop growth [1,2]. Such soils, characterized by low
amounts of soil organic matter (SOM) are the livelihood base for many rural populations in the region.
Consequently, yield potentials of crops continue to fall below maximum thresholds as a result of the
continuous cultivation practices. The attempt to maintain SOM, often regarded as a good proxy for
soil fertility status in a high decomposition driven environment [3], is necessary for water and nutrient
retention and overall soil productivity [4–6].
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Farming practices in Ghana are based popularly on inorganic fertilizers with minimal SOM
improvement strategies [6–8]. Apart from its constant price fluctuation in the country, there are reports
of topsoil acidification following continuous use of some inorganic fertilizers on [9], priming of SOM
as well as a decrease in biomass and activity of soil microbes [10]. Thus, a more sustainable farming
option would be to increase crop yield while maintaining the productive potential of soils since it
provides a means of living for a significant rural Ghanaian population.
In an era of limited organic resource materials, ubiquitous or location specific weeds, invasive tree
species, cover crops, and under-utilized crop residues (OR) could be exploited as soil amendments.
The inputs from such organic sources could be vital sources of soil carbon (C) and nitrogen (N) and
enhance microbial activities [11,12]. This approach could increase C stocks and offset soil nutrient
deficits as well as a reduction in the use of expensive inorganic fertilizers. In situ studies in Ghana
on the evaluation of potential ORs as options for soil productivity improvement have often been
conducted in one location involving single soil type [13–15]. While this approach could achieve the
intended objectives to some extent, it fails to reveal further details on the interaction between soil types
and organic resource quality characteristics. Previous studies show that soil texture together with
soil microbial composition greatly influences organic matter decomposition [11,16,17]. Thus, studies
that will evaluate the performance of different organic amendments in different soil types will be of
immense importance in the adoption process of specific organic resources for specific agro-ecological
zones. Given the bulky nature and lower availability of OR in Ghana, use of dominant plant or weeds
species as soil amendments for specific soil ecosystems presents a promising option for weed or crop
residue utilization.
Distinct climate and soil types characterize the main agro-ecological zones of Ghana. Such
differences in characteristics—i.e. pH, texture, moisture, and soil nutrient content [18]—have been
reported to influence soil microbial biomass C (MBC) dynamics [19–22]. Most soils in the coastal
Savannah zone are characterized by low SOM content as the Savannah ochrosols in the Guinea
Savannah zone. In contrast, significant areas of the transition zone are characterized by predominantly
organic matter-rich soils [23].
Plant litter decomposition is greatly influenced by the biochemical quality of organic materials
and soil factors [11]. For example, different organic resources undergo different decomposition pattern
with resultant differences in soil microbial composition [24]. Moreover, the preference of soil microbial
communities for specific substrates and the resulting release of nutrients in different patterns result in
varying nutrient availability to crops [25,26].
Therefore, to evaluate the potential utilization of biochemically contrasting organic resources
in different ecosystems, a practical approach will be to understand their mineralization dynamics in
different soil types. The objectives of the present study were to i) quantify the N-release potential of
different organic resource materials in different soil types, ii) understand the dynamics of dissolved
organic carbon (DOC) in different soils amended with different organic materials, and iii) evaluate how
soil properties and contrasting OR quality type influence N mineralization dynamics and resultant soil
physicochemical properties.
2. Materials and Methods
2.1. Soil Sampling Sites
Soil samples from three distinct agro-ecological zones were used. The three agro-ecological zones
are characterized by distinct climates and cover a significant proportion of Ghana’s arable land. They
are also contributors to a wide range of agricultural products in the country. Nyankpala (9◦24′01′′N,
0◦58′58′′W; 165 m above sea level (a.s.l.)), hereafter referred as Nya belongs to the Guinea Savannah.
Legon (5◦39′31′′N, 0◦12′00′′W; 61 m a.s.l.) and Techiman (7◦32′58′′N, 1◦58′09′′W; 387 m a.s.l.), hereafter
referred as Lego and Tec belong to the coastal Savannah and the transition zones, respectively. The Nya
and Lego soils are reddish grey weathered Savannah ochrosols [18]. The soil at Tec is defined as forest
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ochrosols [27], often characterized by thick subsoil. Composite samples from Nya, Tec, and Lego
were collected in July 2013. The basic physicochemical properties of the studied soils are shown in
Table 1. At the time of sampling, all the three sites were being cropped with maize. Each soil sample
was collected from 6 to 12 points at depth (0–15cm) using a soil auger, mixed thoroughly and passed
through a 2-mm sieve. They were then air-dried at ambient temperature, stored in plastic bags at
temperatures below 4 ◦C and kept cool till analysis in Japan.
Table 1. Physicochemical properties of the studied soils.
Soil Parameter Nya Tec Lego
Sand (g kg−1) 790 750 340
Silt (g kg−1) 180 130 590
Clay (g kg−1) 30 120 70
Total C (g kg−1) 3.2 ± 0.0 6.6 ± 0.2 7.2 ± 0.1
Total N (g kg−1) 1.8 ± 0.1 2.6 ± 0.1 2.3 ± 0.0
CN ratio 1.8 2.5 3.2
NO3 (mg N kg−1) 57.8 ± 0.5 81.3 ± 0.2 18.8 ± 1.3
NH4 (mg N kg−1) 13.5 ± 0.0 11.3 ± 0.2 17.8 ± 0.1
SOM (%) 0.7 2.1 1.7
DOC (mg C kg−1) 47.4 ± 0.2 45.9 ± 0.0 61.6 ± 0.4
pH (1:2 H2O) 6.1 7.1 6.0
The error bar indicates the standard deviation of three replicates. SOM: Soil organic matter, DOC: Dissolved
organic carbon.
2.2. Plant Residues Sampling
Six ORs of different biochemical qualities were used in this study (Table 2). The residues were
sampled from farmers’ fields at Agona Swedru (5◦32′36′′N, 0◦40′28′′W; 140 m a.s.l.) and Kade
(6◦8′48′′N, 0◦53′58′′W; 170 m a.s.l.), Ghana. They are common underutilized tree/weed species or crop
residues in some farming communities of Ghana (More details in [24]). Dried portions of aboveground
biomass (stems, petioles, branches, petioles, vines, and leaves) were collected and finely ground (less
than 0.1mm) using wonder blender (WB-1 Osaka Chemical Co., Ltd., Japan). For all ORs except
Theobroma, the leaf component in the mixture was over 80%. Only dried husk was used in the case
of Theobroma.
Table 2. Chemical quality composition of the organic residues.
Organic Residues TC(g kg−1)
TN
(g kg−1)
CN
Ratio
PP
(mg GAE g−1)
Leucaena
Leucaena leucocephala 463.8 ± 21.7 ab 41.1 ± 1.3 a 11 11.6 ± 1.8 b
Centrosema
Centrosema pubescence 443.3 ± 8.0 bcd 35.2 ± 0.8 b 13 2.6 ± 0.1 e
Gliricidia
Gliricidia sepium 446.2 ± 8.8 abc 30.7 ± 0.9 c 15 8.8 ± 0.4 c
Pueraria
Pueraria phaseoloides 415.1 ± 8.9 d 24.4 ± 0.9 d 17 4.4 ± 0.2 d
Azadirachta
Azadirachta indica 467.9 ± 2.5 a 24.5 ± 0.4 d 19 17.1 ± 1.8 a
Theobroma
Theobroma cacao 423.9 ± 15.0 cd 10.8 ± 0.3 e 39 1.6 ± 0.0 e
LSD0.05 30.8 2.1 1.6
p-value 0.002** 0.01** 0.01**
TC: total carbon, TN: total nitrogen, CN ratio: carbon-to-nitrogen ratio, PP: polyphenol. Values are the means of
three replicates. Means with different letters in the same column are significantly different from each other according
to Tukey test at p < 0.05 probability level. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
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2.3. Laboratory Incubation Setup
To determine N mineralization and response of soil MBC to OR addition, subsamples of soils
(80 g dry-equivalent) were weighed out into plastic Magenta boxes of dimension 7.6 × 7.6 × 10.2 cm
(Magenta Corporation, Chicago, IL, USA). Each finely ground OR amendment was uniformly
incorporated into each Magenta box with soil at 24 mg g−1 dry soil, a recommended field application
rate for green waste–based composts [28] on 14th November 2014. The control treatment received no
OR input. The experiment was set in a factorial combination of the treatments: seven ORs (including
control) and three soil types. The amended soil samples were then shaken thoroughly in order to mix
the plant residues uniformly. The treatments were laid out in a completely randomized design in
triplicates and incubated in a phytotron under both light and dark (25 ◦C temperature, 70% relative
humidity) conditions for 16 weeks. The lids of the boxes were regularly opened at 3–5 days interval to
maintain aerobic condition during incubation. The moisture content of each container was adjusted to
field capacity (pF = 1.7–2.3) at 5–7 days interval. The incubated soils were destructively sampled at
30, 60, 90, and 120 days of incubation for immediate extraction of ammonium (NH4+-N) and nitrate
(NO3−-N). After incubation (120 days), the remaining fresh soil was used to analyze pH, MBC, and
DOC contents.
2.4. Plant Tissue and Soil Analyses
The OR quality indicators (Polyphenols (PP), total carbon (TC) and total nitrogen (TN)) were
determined as explained in our previous research [24]. Each OR was initially ball milled to a powder
and analyzed in three replicates for quality parameters. The TN and TC contents were determined by
dry combustion with an automatic sensitive CN analyzer (Sumika Chemical Analysis Service Ltd.,
Osaka, Japan). The PP contents were assayed by a procedure derived from Swain and Hills [29].
Soil TC and TN contents were also quantified by dry combustion using an automatic sensitive
CN analyzer (Sumika Chemical Analysis Service Ltd., Osaka, Japan). Soil pH was determined in the
supernatant suspension of a 1:2.5 soil-water mixture using Beckman PKG-260 pH meter (Beckman
Coulter Instruments Inc., Fullerton, USA). Particle size distribution was determined using laser
diffraction particle size analyzer (SALD-2300, Shimadzu Corporation, Kyoto, Japan) after digesting 10 g
of each soil sample with 100ml hydrogen peroxide. Soil moisture during incubation was determined
with portable pF-meter (pF-meter 02; Daiki Rika Kogyo Co., Ltd., Saitama, Japan).
Inorganic N (NH4+-N and NO3−-N) content in soil was estimated by first extracting 10 g
fresh soil with 100 mL 2M KCl. The NH4+-N and NO3−-N were then determined using UV–vis
spectrophotometer (Shimadzu UV mini 1240, Shimadzu Corporation, Kyoto, Japan), following
procedures as described by Parson et al. [30] and US EPA [31], respectively. Net inorganic N for
each OR was calculated as the difference in inorganic N content between amended and unamended
control soils [32]. Cumulative litter-derived inorganic N (CIN) for each soil was determined by
subtracting the inorganic N of the unamended control and initial litter inorganic N content from
amended soils at each sampling time [33]. The SOM per unit mass of soil was determined by loss on
ignition, based on the change in weight after soil samples are exposed to 550 ◦C [34], in an Electric
muffle furnace (FUL 230 FA, Advantech Toyo Co., Ltd, Tokyo Japan). The DOC was estimated by first
extracting 20g dry weight equivalent of soil with 50 ml of 0.5 M K2SO4 [35]. The DOC in the filtrates
was measured using TOC-L analyzer (TOC-L CPH, Shimadzu Corporation, Kyoto, Japan).
Soil MBC was estimated using the modified fumigation-extraction method proposed by
Hobbie [36]. The subsoil samples marked for fumigation were fumigated with chloroform for 72 h
while non-fumigated samples were kept frozen. Afterwards, the dissolved organic C (fumigated
and non-fumigated) in 0.5 M K2SO4 extracts was analyzed with TOC-L (TOC-L CPH, Shimadzu
Corporation, Kyoto, Japan). Soil MBC was estimated from the relationship MBC=C/KEC, where C is the
difference in organic carbon content between fumigated and non-fumigated samples. The calibration
value (KEC), estimated as 0.45 [37], was used to convert the extracted organic C to MBC.
Soil Syst. 2018, 2, 63 5 of 17
2.5. Statistical Analyses
Data were analyzed using IBM statistics program SPSS, (SPSS Inc., Chicago, IL, version 21).
The three study sites, each representing an agro-ecological zone was considered as a factor in statistical
analyses. A two-way analysis of variance (ANOVA) was generated using a general linear model
(GLM) to detect statistical differences among the sites and ORs amendments. Mean differences
among the ORs and study sites were done using Tukey's honestly significant difference (HSD) test.
Step-wise regression analysis was done using Sigma Plot program (Systat Software Inc., San Jose, CA,
version 11.0) to show the relationship between OR quality on soil N mineralization and MBC contents.
All statistical significance was assigned at the ρ < 0.05 level.
2.6. Nitrogen Mineralization Kinetics
The N mineralization rate in each soil was calculated using zero-order kinetics [38], as follows:
Nmin(t) = K × t + Nmin (0)
where Nmin (t) is the cumulative mineralized N in the soil at time t (days), K is the zero-order
mineralization rate (day−1), and Nmin (0) is the intercept at t = 0.
3. Results
3.1. Nitrogen Mineralization
Inorganic N (NH4+-N and NO3−-N) contents during the 120-day incubation varied significantly
among OR type, soil and days of incubation (Figure 1, Table 3). The tested ORs exhibited both an
increase and a decrease in mineral N contents during incubation. Irrespective of ORs and soil type,
the highest inorganic N content was observed on day 120 while the least was on day 90 of incubation
(Figure 1). However, in the unamended controls, the highest inorganic N content was observed on
day 120 in all the three soils. The pattern of mineral N contents also varied among soils regardless
of residue type at respective sampling dates (Figure 1). The trend was similar between Tec and Lego
soils, where the highest inorganic N peaks for most treatments were at 60 and 120 days of incubation.
In the case of Nya soil, a significant increase in inorganic N was observed at day 30 of incubation,
followed by a reduction at day 90 in almost all treatments in all soils. For most residues, there was
a significant initial increase in inorganic N content in all soils at day 30 of incubation. At the 60th
day of incubation, inorganic N content in Gliricidia-amended soils in both Tec and Lego increased
significantly as opposed to a decrease in Nya soil. After that, either an increase or decrease in inorganic
N content took place in all soils. On day 30 after incubation, Nya soil showed the highest significant
net inorganic N and was almost twice higher than Lego and Tech soils (Table 3). On day 60, the highest
net inorganic N was observed in Lego soil, followed by Nya with Tec being the least. On day 90,
while no significant differences in net inorganic N occurred were observed among the three soils, OR
amendment at Nya and Tec yielded 15 times higher net inorganic N compared to Lego on the 120th
day of incubation. While high net inorganic N content in Gliricidia amendment was consistent in all
soils, the least net inorganic N varied among the soil types (Table 3). For instance, while Centrosema
amendment in Nya soil showed the net lowest inorganic N contents, both Tec and Lego soils amended
with Theobroma residues had the least net inorganic N. At the end of the incubation, the average
inorganic N content in Gliricidia-amended soil was 272.2 mg N kg−1 in Nya soil, 253.3 mg N kg−1
in Tec soil and 222.7 mg N kg−1 in Lego soil. In contrast, the average inorganic N in control was
117.4, 108.8, and 84.4 mg N kg−1 soil in Tec, Nya and Lego soils, respectively. In Nya soil, Gliricidia
amendment increased the net inorganic N to 279.5 mg N kg−1 soil compared to -29.0 mg N kg−1
soil in the Pueraria treatment at day 120 of incubation (Table 3). Moreover, the net inorganic N in
Tec soil ranged from −134.3 to 179.7 mg N kg−1 soil in the Theobroma and Gliricidia treatments,
respectively. Additionally, in Lego soil, Gliricidia amendment released the highest net inorganic N of
Soil Syst. 2018, 2, 63 6 of 17
153.1 mg N kg−1 soil compared to −165.6 mg N kg−1 soil in the Theobroma treatment. There was a
significant interaction between ORs and soil types on net inorganic N at all sampling times.Soil Syst. 2018, 2, x FOR PEER REVIEW  6 of 19 
 
 
Figure 1. Inorganic N content of contrasting crop residues in three soil types over 120 days incubation. 
The following crop residues were tested: CK: control, Leu: Leucaena, Cen: Centrosema, Gli: Gliricidia, 
Pue: Pueraria, Aza: Azadirachta, The: Theobroma. Nya: Nyankpala, Tec: Techiman, Leg: Lego Error 
bars show the standard deviation of three replications. 
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A zero-order mineralization kinetics equation was fitted to the total inorganic N released from
each OR. The results of these calculations are summarized in Table 4. Gliricidia amendment showed
the highest average N mineralization rate of 2.0 mg N kg−1 soil day−1, followed by 1.6 mg N kg−1
soil day−1 for Leucaena, and 1.3 mg N kg−1 soil day−1 for Azadirachta, with 0.5 mg N kg−1 soil day−1
being the least for Theobroma. Among the studied soils and regardless of OR type, N mineralization
rate (k) was in the order; Tec > Lego > Nya. High N mineralization rate of 1.4 to 1.5 mg N kg−1
soil day−1 was observed for Lego and Tec soils, respectively and was significantly higher than that
of Nya (0.8 mg N kg−1 soil day−1). However, an opposite trend in inorganic N release was observed
among the soils. The highest average mineralized N at t = 0 was observed in Nya soil (127.4 mg N kg−1
soil), followed by Tec (75.0 mg N kg−1 soil) and the least was in Lego soil (48.5 mg N kg−1 soil).
Moreover, significant interactions were observed between ORs and soil types on N mineralization at
t = 0 and mineralization rate constant (K).
Soil Syst. 2018, 2, 63 7 of 17
Table 3. Net inorganic N content (NH4+-N & NO3−-N (mg N kg−1)) at successive incubation days in three different soil types amended with contrasting ORs.
OR/ST
Days of Incubation
30D 60D 90D 120D
Nya Tec Lego Nya Tec Lego Nya Tec Lego Nya Tec Lego
Leucaena 190.5 ± 25.7 ab 95.9 ± 10.8 c 94.4 ± 4.8 b 144.7 ± 18.6 ab 65.9 ± 17.5 b 179.5 ± 12.6 b 32.1 ± 12.2 ab 57.8 ± 26.3ab 16.3 ± 13.2 bc 144.7 ± 36.5 b 137.6 ± 30.1 a 84.8 ± 63.4 ab
Centrosema 97.3 ± 7.3 bc 62.5 ± 7.8 d 48.7 ± 0.9 c 74.8 ± 31.7 c 39.2 ± 8.8 b 57.0 ± 20.2cd −0.6 ± 9.3 b 8.9 ± 8.7 cd 137.2 ± 55.7 a 2.3 ± 7.5 de 62.3 ± 7.4 a −70.7 ± 56.1 cd
Gliricidia 251.0 ± 36.9 a 205.4 ± 5.1 a 190.9 ± 16.2 a 181.5 ± 14.0 a 209.2 ± 32.8a 269.7 ± 24.2 a 105.2 ± 64.9 a 85.4 ± 10.4a 77.7 ± 22.2 ab 279.5 ± 25.5a 179.7 ± 86.8 a 153.1 ± 118.5 a
Pueraria 137.7 ± 7.7 bc 33.6 ± 6.9 e 19.3 ± 9.4 d 97.3 ± 5.0 bc 23.1 ± 4.2 b 14.7 ± 23.8 d 4. 9 ± 15.7 b −12.0 ± 18.5d 18.5 ± 26.5 bc −29.0 ± 4.7 e 132.5 ± 52.5 a −16.1 ± 12.5 bc
Azadirachta 136.6 ± 6.5 bc 150.5 ± 5.5 b 86.0 ± 5.9 b 149.8 ± 24.3 ab 92.4 ± 46.9 b 263.6 ± 30.4 a 4.4 ± 13.7 b 17.4 ± 14.9bcd 19.7 ± 22.8 bc 38.2 ± 2.0 dc 171.3 ± 39.8 a 51.8 ± 42.1 abc
Theobroma 92.4 ± 74.0 c 3.3 ± 0.6 f 11.1 ± 5.1 d 136.6 ± 7.4 ab 21.8 ± 12.9 b 113.3 ± 21.6 bc 32.5 ± 14.6 ab 33.6 ± 3.9 bc −42.6 ± 22.9 c 78. 8 ± 10.9c −134.3 ± 3.9 b −165.6 ± 31.0 d
Mean 129.4 A 78.7 B 64.3 B 112.1 B 64.5 C 128.3 A 25.5 A 27.3 A 32.4 A 73.5 A 78.5 A 5.3 B
p-value (ST) <0.01 <0.01 0.74 ns <0.01
p-value (OR) <0.03 <0.01 <0.01 <0.03 <0.01 <0.01 <0.04 <0.03 <0.021 <0.01 <0.01 <0.01
ST x OR <0.02 <0.01 <0.01 <0.01
OR: Organic residue, ST: Soil type, Nya: Nyankpala, Tec: Techiman, Leg: Lego. 30D, 60D, 90D and 120D represent 30, 60, 90 and 120 days after residue amendment to the soil. Values are
the means of three replicates. Means with different are significantly different from each other according to Tukey test at p < 0.05 probability level. Small letters (a, b, c) represent mean
difference among OR treatments and capital letters (A, B, C) represent mean difference among STs. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
Table 4. Nitrogen mineralization and rate constant in three different soil types following amendments with contrasting ORs.
OR/ST
Mineralization at t = 0 (intercept)
(mg N kg−1 soil )
Mineralization rate at (K) (at 25 ◦C)
(mg N kg−1 soil day−1) R
2
Nya Tec Lego Nya Tec Lego Nya Tec Lego
Control 67.9 ± 1.6 b 46.3 ± 1.3 cd −1.9 ± 5.7 d 0.7 ± 0.1cd 1.2 ± 0.1 bc 1.4 ± 0.3 a 0.9 0.6 0.8
Leucaena 144.1 ± 3.0 a 70.3 ± 8.9 bc 54.8 ± 4.7 b 1.1 ± 0.2 b 2.0 ± 0.3 a 1.7 ± 0.2 a 0.3 0.8 0.6
Centrosema 121.4 ± 7.5 a 66.7 ± 2.9 bcd 43.2 ± 2.5 bc 0.4 ± 0.1 de 1.4 ± 0.1 ab 1.3 ± 0.2 a 0.2 0.7 0.6
Gliricidia 148.7 ± 11.2 a 134.4 ± 24.9 a 97.8 ± 28.8 a 2.1 ± 0.1 a 2.0 ± 0.6 a 2.1 ± 0.8 a 0.5 0.6 0.6
Pueraria 148.3 ± 3.9 a 37.9 ± 10.4 c 12.0 ± 4.3 cd 0.1 ± 0.2 e 1.9 ± 0.3 a 1.3 ± 0.1 a 0.1 0.6 0.9
Azadirachta 144.7 ± 7.8 a 90.7 ± 5.9 b 74.9 ± 6.8 ab 0.5 ± 0.1 d 1.9 ± 0.2 a 1.6 ± 0.2 a 0.1 0.5 0.4
Theobroma 116.4 ± 27.4 a 78.9 ± 3.9 b 58.3 ± 4.8 b 1.0 ± 0.3 bc 0.4 ± 0.1 c 0.2 ± 0.0 b 0.5 0.3 0.1
Mean 127.4 A 75.0 B 48.5 C 0.8 B 1.5 A 1.4 A
p-value (ST) <0.01 <0.01
p-value (OR) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
ST x OR <0.01 <0.01
OR: Organic residue, ST: Soil type, Nya: Nyankpala, Tec: Techiman, Leg: Lego. Values are the means of three replicates. Means with different are significantly different from each other
according to Tukey test at p < 0.05 probability level. Small letters (a, b, c) represent mean difference among OR treatments and capital letters (A, B, C) represent mean difference among STs.
Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
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3.2. Soil pH
The results of ANOVA for soil pH, DOC and MBC are summarized in Table 5. The OR amendment
during incubation resulted in an increase in soil pH compared to their respective controls in all soil
types (Table 6). Among the residues and consistent in all soils, significant soil pH increase was observed
in the Theobroma treatment. In contrast, the least pH values were observed in the control treatment
of all soil types. Irrespective of soil type, soil pH ranged from 6.1 to 6.8 in control, and 8.1 to 9.0 in
the Theobroma treatment. The mean soil pH after incubation, regardless of OR type was significantly
higher in Nya soil, followed by Tec and Lego soils.
Table 5. Summary of the analysis of variance for soil pH, soil DOC, and soil microbial biomass C
following amendment of seven contrasting residues in three soil types.
SOV
DF pH
DOC
(mg C kg−1)
MBC
(mg C kg−1)
Means of
Squares p-Value
Means of
Squares p-Value
Means of
Squares p-Level
Site 2 4.0 ** 18,359.9 ** 579,554.8 **
OR 6 4.2 ** 7,032.1 ** 198,137.2 **
Site x OR 12 0.05 ** 1449.8 ** 101,523.8 **
Error 40 0.00 25.6 108.3
Total 60
R2 0.9 0.9 0.9
Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01. SOV: Source of variation, MBC: microbial biomass C, DOC:
Dissolved organic carbon.
Table 6. Effect of contrasting organic residues on soil pH after 120 days of incubation.
OR/ST
Soil pH
Nya Tec Lego
Control 6.8 ± 0.01 e 6.4 ± 0.02 f 6.1 ± 0.01 g
Leucaena 7.3 ± 0.01 d 6.9 ± 0.01 d 6.3 ± 0.01 f
Centrosema 7.5 ± 0.02 c 7.0 ± 0.01 c 6.8 ± 0.01 b
Gliricidia 7.5 ± 0.02 c 6.9 ± 0.02 d 6.7 ± 0.01 c
Pueraria 7.9 ± 0.01 b 7.1 ± 0.01 b 6.6 ± 0.01 d
Azadirachta 7.3 ± 0.02 d 6.8 ± 0.01 e 6.5 ± 0.01 e
Theobroma 9.0 ± 0.01 a 8.7 ± 0.01 a 8.1 ± 0.01 a
Mean 7.6 A 7.1 B 6.8 C
p-value (ST) <0.01 <0.01 <0.01
p-value (OR) <0.01 <0.01 <0.01
ST x OR <0.01 <0.01 <0.01
OR: Organic residue, ST: Soil type, Nya: Nyankpala, Tec: Techiman, Leg: Lego. Values are the means of three
replicates. Means with different are significantly different from each other according to Tukey test at p < 0.05
probability level. Small letters (a, b, c) represent mean difference among OR treatments and capital letters (A, B, C)
represent mean difference among STs. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
3.3. Soluble Organic Carbon and Microbial Biomass Carbon
The soil DOC and MBC contents varied significantly among the soils and OR amendments after
incubation (Table 7). Soils amended with Azadirachta exhibited the highest average DOC content in
almost soils with 166.4 mg kg−1 in Nya, 100.0 mg kg−1 in Tec, and 86.8 mg kg−1 in Lego, followed
by Theobroma and with control being the least. The Azadirachta treatment yielded four times higher
average DOC relative to the control. Among the three soils, Nya soil showed the highest significant
average DOC of 113.7 mg kg−1 soil, followed by Tec with Lego being the least. The Nya soil showed
twice-higher average DOC content compared to Tec and Lego soils.
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Table 7. Soil organic C and microbial biomass C (mg C kg−1) of three different soil types amended with contrasting organic residues after 120-day incubation.
OR/ST
DOC (mg C kg−1) MBC (mg C kg−1)
Nya Tec Lego Mean Nya Tec Lego Mean
Control 34.0 ± 1.4 g 18.6 ± 0.3 e 32.1 ± 0.1 f 28.2 686.3 ± 4.8 b 594.9 ± 17.9 b 677.2 ± 8.6 f 652.8
Leucaena 133.8 ± 1.6 c 64.8 ± 0.3 c 67.8 ± 0.7 c 88.8 65.4 ± 13.3 e 648.9 ± 8.0 a 714.3 ± 15.3 e 476.2
Centrosema 91.6 ± 0.5 f 59.3 ± 0.2 d 52.4 ± 1.4 d 67.8 565.2 ± 10.9 c 563.8 ± 9.6 c 890.7 ± 18.1 b 673.3
Gliricidia 101.4 ± 0.3 d 94.6 ± 0.6 b 74.3 ± 0.3 b 90.1 572.6 ± 10.6 c 224.8 ± 2.5 d 753.1 ± 17.7 d 516.8
Pueraria 98.5 ± 0.1 e 64.7 ± 0.3 c 53.3 ± 0.1 d 72.2 862.7 ± 33.3 a 668.8 ± 12.0 a 971.6 ± 16.3 a 834.3
Azadirachta 166.4 ± 0.1 b 100.0 ± 1.1 a 86.8 ± 0.4 a 117.7 427.7 ± 14.6 d 35.8 ± 0.3 e 734.7 ± 12.3 de 399.4
Theobroma 170.1 ± 0.7 a 65.1 ± 2.4 c 47.0 ± 0.4 e 94.1 658.8 ± 7.6 b 584.8 ± 7.2 bc 802.2 ± 20.7 c 681.9
Mean 113.7 A 66.7 B 59.1 C 548.4 B 474.5 C 791.7 A
p-value (ST) <0.01 <0.01
p-value(OR) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
ST x OR <0.01 <0.01
OR: Organic residue, ST: Soil type, Nya: Nyankpala, Tec: Techiman, Leg: Lego. MBC: Microbial biomass carbon, DOC: Dissolved organic carbon. Values are the means of three replicates.
Means with different are significantly different from each other according to Tukey test at p < 0.05 probability level. Small letters (a, b, c) represent mean difference among OR treatments
and capital letters (A, B, C) represent mean difference among STs. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
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About organic input quality, Pueraria-amended soil exhibited the highest MBC content among
the three soil types with 862.7 mg kg−1 in Nya soil, 668.8 mg kg−1 in Tec soil and 971.6 mg kg−1 in
Lego soil. Additionally, Theobroma and Centrosema treatments showed high and consistent MBC
contents among the studied soil types. All other residues including the control showed high variation
in soil MBC among the three soils ranging from 35.8 to 753.1 mg kg−1. Among the three soils, MBC
content was significantly higher in Lego soil relative to Nya and Tec.
3.4. Relationships
Biochemical quality indicators of ORs interactively showed a significant relationship with soil
pH differences among the amendments and soil types after incubation (Table 8). Similarly, TN and
CN ratio of ORs positively influenced CIN content. Specifically, up to 20% and 48% variation in CIN
content among the amendments and soil types were respectively explained by CN ratio and TN of
ORs. Among the biochemical quality indices, CN ratio significantly influenced the differences in soil
pH, CIN and N mineralization rate among the studied amendments, and soil types.
The initial soil TN, TC, CN ratio, and SOM interactively influenced differences in soil MBC and
DOC contents among the amendments and soil types after incubation (Table 8). Up to 38, 54, and
61% variation in DOC contents were predicted by the initial soil TN, CN ratio, and TC contents,
respectively. Additionally, sand and silt fraction accounted for up to 20–36% variation in soil DOC
and MBC contents. However, none of the initial soil conditions showed any significant relationship
with N mineralization. The effect of OR quality on DOC and MBC dynamics was less than the initial
soil condition. In contrast, no significant interactions between OR quality and initial soil properties
were detected for CIN. The mineralization rate (k) showed a significant negative correlation (r = −0.6,
ρ < 0.001) with soil pH but a positive one (r = 0.6, ρ < 0.001) with CIN content after incubation
(Table 9). Similarly, CIN was negatively correlated with MBC but positively related to DOC. Soil MBC
demonstrated a significant negative correlation with CIN (r = −0.53, ρ < 0.05) and DOC (r = −0.48,
ρ < 0.05).
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Table 8. Regression analysis (R2) between initial soil properties and organic residue qualities on the resultant soil properties after 120 days incubation of different soils
with contrasting organic residues (n = 18).
Parameter Resultant soil property
Organic Residue Quality MBC DOC pH CIN K
TC 0.21* (−5.4) 0.02ns 0.21* (−0.02) 0.12ns 0.05ns
TN 0.01ns 0.04ns 0.44** (−0.05) 0.48* (8.5) 0.14ns
CN ratio 0.01ns 0.02ns 0.79** (0.06) 0.20* (−11.6) 0.22* (−0.03)
PP 0.08ns 0.03ns 0.20* (−0.06) 0.11ns 0.02ns
Interaction (TC x TN x CN ratio x PP) (A) ns ns ** ns ns
Initial soil property
TN 0.01ns 0.38* (−66.8) 0.09ns 0.02ns 0.20ns
TC 0.08ns 0.61** (−15.9) 0.24* (−0.2) 0.09ns 0.17ns
CN ratio 0.22* (200.5) 0.54** (−45.2) 0.26* (−0.6) 0.12ns 0.09ns
SOM 0.06ns 0.21* (−27.4) 0.03ns 0.00ns 0.17ns
Interaction (TC x TN x CN ratio x SOM) (B) * ** ns ns ns
Soil texture
Sand 0.34* (−7.3) 0.30* (0.9) 0.20* (0.01) 0.11ns 0.02ns
Silt 0.36* (7.5) 0.20* (−0.7) 0.15ns 0.09ns 0.002ns
Clay 0.02ns 0.32* (−5.5) 0.07ns 0.01ns 0.20* (0.08)
Interaction (sand x silt x clay) (C) * ** ns ns ns
Interaction (A*B*C) * ** ** NS NS
TC: total carbon, TN: total nitrogen, CN ratio: carbon-to-nitrogen ratio, PP: polyphenol, MBC: microbial biomass C, DOC: Dissolved organic carbon, CIN: Cumulative inorganic N, SOM:
Soil organic matter, K: mineralization rate constant. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01. Values in each bracket are the slope coefficients for each combination.
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Table 9. Pearson correlation coefficient (r) for the linear interrelationships among soil properties after
120-day incubation following amendment with contrasting organic residues (n = 18)
Parameter K CIN DOC MBC pH
K
CIN 0.63**
DOC −0.17ns 0.44*
MBC −0.20ns −0.53* −0.48*
pH −0.63** −0.26ns 0.37ns 0.04ns
MBC: microbial biomass carbon, DOC: Dissolved organic carbon, CIN: cumulative inorganic N, K: Mineralization
rate constant. Significance levels: ns: p > 0.05, *: p < 0.05, **: p < 0.01.
4. Discussion
4.1. Nitrogen Mineralization and pH Changes in Different Soil Types
As confirmed by the net inorganic N content, different soil type and biochemically contrasting
ORs showed varied effects on N mineralization (Table 3). In particular, the present study reveals
differences in N mineralization potential among different soil types amended with the same ORs under
same conditions. The N mineralization rate (k) was twice higher in high-SOM containing Tec soil
compared to Nya (Table 4). However, the effects of OR and soil type on total inorganic N production
was more pronounced in low fertile Nya soil compared to Lego and Tec withe latter having a high
TN (0.26% N) and TC (0.65% C) contents. This observation may imply a short-term high inorganic N
availability in low-fertile Nya soil following amendment with the present organic materials. Hence,
amendment of low fertile soils with the present ORs may be more suitable for annual crops.
In accordance, Khalil et al. [39] observed enhanced C and N mineralization in soils with low
C (0.75% C) and TN (0.08% N) contents. The observed high N unavailability in Tec and Lego soils,
although marked by enhanced mineralization rates (Table 4), suggests the need to establish OR
application thresholds based on soil inherent physicochemical composition.
In agreement with Masunga et al. [38] but inconsistent with Li et al. [40], OR amendment in the
present study significantly increased CIN content in all amended soils compared to control. The present
results also agree with our previous incubation study under similar conditions using depleted soils
from Japan [24]. Accordingly, Gliricidia treatment with similar CN ratio as Centrosema and Pueraria
showed significantly higher net inorganic N contents (Table 4), due to the large pool of labile organic
N which could quickly be released into the soil solution [32]. In the same study, similar to the present
report, Theobroma was classified as low-quality OR due to its significantly low inorganic N returns
after 120-day incubation. The observed high mineralization rate, although applied at relatively lower
rates compared to [38,41] under similar conditions is ascribed to the fine ground form of ORs in the
present studies.
Biochemical quality of ORs (e.g., TN and CN ratio) exhibited consistent influence on N
mineralization at all sampling times in agreement with Abbasi et al. [42], and in all cases showed
a strong interaction with physicochemical soil properties. The degree to which OR quality affected
N mineralization was dependent on the fertility status of soil, implying potentially distinct nutrient
recoveries in inherently different soils after amendment with same materials.
Similar to previous reports [25,39], OR amendment raised the pH levels of all soils after incubation
(Table 6). The OR quality characteristics were strong predictors of soil pH differences, possibly due
to the alkaline nature of plant residues [43,44]. The increase in soil pH suppressed mineralization
rates, availing more basic humic forms in the soil matrix. This suggests enhanced ammonification as
opposed to nitrification with the subsequent release of OH- ions into soil solution [45]. High soil pH
values reported for Theobroma in all soils is ascribed to its high potash content [46].
Biochemical quality of ORs exhibited a substantial effect on pH dynamics and interacted
significantly with soil type. Moreover, soil fertility gradient affected pH, which was greater in the
low fertile Nya soil (Table 6). In this respect, the effect of biochemical quality of ORs on pH dynamics
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was modulated by the current soil TC and CN ratio. Soil textural class affects SOM mineralization via
decomposition [16]. However, Gregorich et al. [47] observed non-significant interactive effects of soil
texture on litter decomposition in accordance with our present result. Such discrepancies may be due
to the influence of ORs, which might have masked the effects of soil physicochemical properties.
4.2. Dissolved Organic Carbon and Microbial Biomass Carbon Contents in Different Soil Types
The Nya soil with low initial fertility status (Table 1), exhibited twice increase in DOC compared to
Lego and Tec soils. Moreover, the soil TC and CN ratio provided the most substantial influence on the
variation in DOC contents among the amendments and soil types. Thus, it can be inferred that priming
of organic matter in Tec and Lego soils, influenced by their inherent soil TC and CN ratio resulted in
the observed low DOC contents in both soils. This is further confirmed by the corresponding increase
in mineralization rates (K) in Tec and Lego soils (Table 4). According to Zimmerman et al. [48], the
magnitude and direction of priming effect following OR incorporation depend on amendment type,
soil type, and the period over which measurements are made.
The SOM, though a proxy indicator of soil fertility status [3], was not a likely predictor of soil MBC
in the present results. This is probably due to its composition, as the readily available C component for
microbial assimilation may have been depleted in the three soils. Among the tested ORs, Azadirachta
and Theobroma treatments, characterized by high CN ratio had higher DOC contents after incubation
(Table 7). However, the CN ratio of ORs did not show any significant effects on the resultant differences
in DOC after incubation.
The soil MBC content differed among the studied soils, with highest values in Lego soil (Table 7).
The sand and silt content of soils in the present study showed a higher influence on differences in
soil MBC among the amendments and soil types. The moderate sand and silt proportion in Lego
soil relative to Nya and Tec were probably responsible for its observed high MBC content. However,
soil DOC and MBC dynamics were not only confounded to sand and silt proportions, but significant
interaction effects between OR quality factor and some soil physicochemical properties were also
evident. Moreover, soil TC explained the variation in DOC content and CN ratio (61% and 54%),
respectively; whereas the variation of the soil MBC was only explained by soil CN ratio (22%). This
suggests variability in litter decomposition under different soils and thus implies that the effects of ORs
on DOC and MBC dynamics are specific to each soil likely modulated by soil texture, TC, and CN ratio.
Our current study suggests that physicochemical composition of soil regulates OR decomposition,
indicating that the high DOC in low fertile Nya soil following the amendment of the present ORs was
dependent upon its low chemical composition (e.g., TC, TN, CN ratio, and SOM) and texture.
The TC content of Pueraria was reasonably low, though exhibited consistent enhancement in
MBC content among the three soils (Table 7). However, among the biochemical quality indicators,
TC content is the only property that significantly influenced differences in soil MBC content among the
amendments and soil types (Table 8). This could be ascribed to the composition of C fractions [49,50]
and the coupling effects of the soil physicochemical properties, which provided energy and appropriate
niche for the decomposing microflora. Increased MBC corresponded with hindered CIN and DOC
amounts, although Kukal et al. [50] previously observed stimulation of soil microbial biomass and
activities following organic C additions. Our present results imply temporal assimilation of inorganic
N and DOC fractions by soil microbes for cellular synthesis [51]. Azadirachta, Leucaena, and Gliricidia
showed a reduction in soil MBC content possibly as a result of the effects of their allelochemicals
namely; azadirachtin, mimosine, and coumarin respectively, which suppressed the growth of soil
microbes during incubation [52–54]. Their effects on soil MBC were however subdued when co-applied
with chicken manure in our previous studies [24]. This suggests the possibility of exploiting the benefits
of readily available allelopathic ORs when co-applied with other resources.
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5. Conclusions
In 120-day controlled incubation experiment, we observed a stronger influence of soil
physicochemical factors (TC, TN, CN ratio, SOM, and texture) on DOC dynamics than OR quality. Only
the TC content of OR amendment as regulated by soil CN ratio and sand and silt proportion influenced
differences in MBC among the soils. On the other hand, biochemical quality of ORs exhibited consistent
influence on N mineralization, and pH changes and the degree of their effects was dependent upon the
existing soil fertility gradient. The TN and CN ratio of ORs were strong predictors of N mineralization
and soil pH dynamics.
Of the six evaluated ORs, inorganic N content was highest in Gliricidia while the lowest was
in Theobroma-amended soils. Besides, the highest soil pH increase was observed in Theobroma
amendment in all soil types. Soil MBC contents were low in Leucaena, Azadirachta, and Gliricidia,
emphasizing the need consider the allelopathic potentials of ORs before their selection as soil
amendments. The observed significant interaction between soil type and OR quality on N
mineralization, DOC, and MBC dynamics presupposes varying nutrient recoveries from the ORs
in each soil type. The present results revealed high N mineralization efficiency from ORs in the
relatively low fertile Nya soil than in Tec and Lego soils, suggesting its suitability for annual crops.
This study reiterates the need for farmers to know the initial soil properties before OR incorporation in
order to meet the possibility of matching N availability with crop growth needs.
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